INTRODUCTION
An implicit conclusion of the central dogma of molecular biology is that the DNA sequence of a gene allows for the prediction of its mRNA and protein sequence. Exceptions are rare, but assume importance in the present era of large-scale sequencing and bioinformatics. One counterexample is the phenomenon of ribosomal frameshifting, where the reading frame of an mRNA is shifted at the time of translation (1) .
Another violation of dogma involves changes in genetic information that are introduced post-transcriptionally or during transcription. Some transcripts may undergo RNA editing, in which the mRNA molecule is modified at specific bases through a variety of different mechanisms, such that the final sequence differs from that deduced from genomic DNA (2) . There are also several examples in which RNA polymerase makes a high frequency of errors while reading repetitive DNA sequences. Often these errors are frameshifts whose occurrence implies that open reading frames are not simply predictable from genomic sequence. In the Brattleboro rat model of diabetes insipidus, resulting from a +2 frameshift in the vasopressin gene, a tendency toward GA deletion during the transcription of a GAGAG sequence causes a proportion of the transcripts to revert to a normal sequence, leading to amelioration of the disease phenotype (3). Frequent transcriptional frameshift events in similar repetitive sequences in genes encoding beta amyloid precursor protein and ubiquitin are thought to yield proteins unexpectedly corresponding to alternate reading frames, but whose presence, nevertheless, appears detectable by immunocytochemical staining of Alzheimer's disease plaques (4) .
Runs of adenine residues also seem to cause RNA polymerase to produce a high rate of errors. Transcription through an A 6 tract in the rat p53 gene yields insertion of an extra A in $9% of subcloned transcripts (5) . A deletion of a T residue that is expected to yield a chain terminating frameshift, and otherwise interrupts a run of ten A's in the factor VIII gene, but that actually produces detectable clotting factor and mild symptoms, is thought potentially attributable, at least in part, to transcriptional infidelity (6) . Similarly, in a family with hypobetalipoproteinemia resulting from homozygous mutation of the apolipoprotein B gene, one allele contains a single base deletion creating a continuous tract of eight adenine residues, that results in the appearance of a full-length protein, in addition to the truncated protein anticipated as a result of the frameshift (7) . The latter example is reproducible in cultured cells, where expression of a transfected cDNA containing frameshifted A tracts results in $10% of corrected transcripts (8) . In prokaryotes, transcriptional fidelity through homopolymeric adenine tracts is sufficiently unreliable (or reliable, as the case may be), such that Thermus thermophilus employs a single gene to encode two different subunits of DNA polymerase III (9) .
Here, we describe transcriptional slippage occurring in the dog AP3B1 gene in a tract of A's that normally numbers nine bases long, which is extended to ten as a consequence of an autosomal recessive mutation responsible for the disease canine cyclic neutropenia. The mutation, which occurs in exon 21 of the 27 exon gene, is predicted to cause a frameshift and create a premature protein termination signal 11 bp downstream of the A tract. Because of degradation of out of frame transcripts, a paradoxical situation arises in which the population of transcripts expressed from carrier animals that are heterozygotes is homogeneous, while that from affected homozygotes appears heterozygous.
MATERIALS AND METHODS

Animals
We obtained DNA samples, originally extracted from peripheral blood, from 17 dogs affected with canine cyclic neutropenia, 13 known carriers of canine cyclic neutropenia, and 17 unaffected dogs of unknown carrier status from seven different pedigrees, of which five have been published previously (10) , and including one outbred pedigree, as well as 11 controls from different breeds (French bulldog, clumber spaniel, pembroke corgi, poodle, sheltie, springer spaniel, Welsh corgi, Doberman, Irish setter, basenji, Yorkshire terrier and a mongrel). All affected, carrier and control dogs were genotyped for the length of the A tract in exon 21 of AP3B1 by sequencing of genomic DNA, as detailed below, revealing 10A allele homozygosity, 9A/10A allele heterozygosity and 9A homozygosity, respectively. The cDNA sequence and subclone analysis are representative results obtained from an affected, known carrier and noncarrier dog.
Plasmids
Oligonucleotide cassettes containing A-tracts of various lengths were cloned into the NcoI site downstream from the SV40 promoter of the pGL3-Control firefly luciferase reporter and analyzed by luminometry with the Dual-Luciferase Reporter Assay (Promega), internally controlled with Renilla luciferase. A total of 12-well plates of HEK293T cells (ATCC) were transfected in triplicate using 50 ng of reporter and 5 ng of the pRL-TK internal control with LipofectAMINE PLUS reagent (Gibco), using the manufacturer's protocol. Cells were harvested 40 h following transfection. Similar results were obtained with triplicate transfection to 200 ng of reporter (data not shown).
Northern-blot analysis
We loaded 5 mg/lane of total RNA extracted from peripheral blood on a 1% agarose formaldehyde-denaturing gel, with blot-transfer onto a BrightStar-Plus membrane (Ambion) and fixation by ultraviolet photo cross-linking. Hybridization was at 42 C in Ultrahyb (Ambion) with an 800 bp randomprimed, 32 P-labeled probe representing canine AP3B1 cDNA nucleotides 3129-3297 and internal control probe to human b-actin. Densitometry with Scion Imaging software was performed with the integrated density function of reflective scanned (Epson Perfection 3200 Photo) autoradiograms exposed on XAR-5 film (Kodak).
Subclone analysis
Total RNA was extracted from canine blood using RNAeasy (Qiagen) and reverse-transcribed with Omniscript (Qiagen), using the primer 5 0 -TGGAGATGACTTCATGATGAGC-3 0 . For cDNA subcloning, we utilized the Expand High Fidelity Plus DNA polymerase system (Roche) for PCR and subcloning into pGEM-T vector (Promega) with propagation in XL1-Blue Escherichia coli (Stratagene). Similar results were obtained with subcloning of PCR products amplified with Taq DNA polymerase (data not shown). 
RESULTS
Genetic evidence that AP3B1 mutation causes canine cyclic neutropenia
Canine cyclic neutropenia, also known as 'gray collie syndrome', is an unusual autosomal recessive disease of dogs in which the peripheral neutrophil count cycles on a calendrical schedule (11) . Neutrophils oscillate in number, nearly sinusoidally, between almost zero and normal with an approximate two week frequency. Other blood lineages (monocytes, lymphocytes, reticulocytes and platelets) also cycle, but do so in a phase opposite to that of neutrophils. Affected dogs exhibit coat color dilution and are vulnerable to periodic infections on account of their neutropenia. The disease is similar to (12) , although clinically and genetically distinct from, human cyclic neutropenia, where neutrophils and monocytes reciprocally cycle with three week frequency, and which is caused by heterozygous mutations in the ELA2 gene, encoding the neutrophil granule serine protease, neutrophil elastase (13) . After excluding ELA2 mutations as the cause of gray collie syndrome, we considered AP3B1 as a candidate because mutations of this gene cause disorders with some similar hematological and/or pigmentary features in humans (Hermansky Pudlak syndrome type 2), mice (pearl strain) and Drosophila (ruby strain).
We employed radiation hybrids to map canine AP3B1 to dog autosome 3. Genetic linkage and linkage disequilibrium analysis with markers from this region suggested AP3B1 as causative with a high degree of statistical certainty (10) .
AP3B1 encodes the beta subunit of the ubiquitously expressed heterotetrameric adapter protein complex AP3, involved in post-translational trafficking of cargo proteins between lysosomes and the trans-Golgi network (14) . Mutations in the beta subunit of the complex promote instability of the total heterotetramer (15, 16) . We have shown that the mu subunit of AP3 associates with neutrophil elastase, through a tyrosine based signal near its C-terminus (10), and have proposed that neutrophil elastase is a cargo protein transported by AP3 (10) . We have suggested that mutations of neutrophil elastase or of AP3 might therefore have similar consequences because of their participation in a common pathway (12) .
Molecular evidence that AP3B1 mutation causes canine cyclic neutropenia
Because the human AP3B1 gene is large (27 exons) and the sequence of canine AP3B1 had not yet been determined, in order to evaluate the contributions of this gene to the disease, we first obtained partial cDNA sequence of canine AP3B1 to generate a probe for northern-blot analysis of total RNA extracted from the blood of dogs [ Figure 1d of Ref. (10)]. The $4.2 kb AP3B1 transcript appeared absent in an affected dog and approximately half the quantity in a carrier dog, compared with a control dog from a different breed. This result strongly suggested that a mutation of this gene causes the disease. Curiously, though, a small amount of residual transcript does appear in an affected dog, however, upon a longer exposure of the autoradiogram (Figure 1 ).
A paradox: homozygous expression from heterozygotes and heterozygous expression from homozygotes
We cloned the full-length canine AP3B1 cDNA by isolating total RNA from dog blood and performing 5 0 -and 3 0 -RACE with primers to regions most highly conserved between the human and murine AP3B1 sequences (10). The disease is transmitted with autosomal recessive genetics, suggesting that sequencing of heterozygous carrier dogs would most rapidly pinpoint the location of the mutation by revealing two populations of transcripts. Conversely, a homogeneous population of transcripts would be expected in homozygous, affected dogs. Surprisingly, there were no apparent differences in cDNA sequence obtained on a bulk population of transcripts (i.e. not subcloned) between normal and carrier dogs; however, affected dogs did display two transcript sequence populations that differed by the insertion of an extra A residue in a tract of nine A's (i.e. in Figure 2 , beginning at the arrow in the lower panel, it appears that the lower panel represents a superimposition of the traces obtained from the upper and Figure 1 . Northern blot of 5 mg total RNA from peripheral blood of normal, carrier or affected dogs, probed with canine AP3B1 and human b-actin cDNAs. Blot was exposed to film at À70 C with intensifying screens for three days. middle panels). We next determined the genomic sequence of AP3B1 by 'walking' into introns from the identified exons in the cDNA (14) . This allowed us to design primers for the amplification of the AP3B1 A tract from genomic DNA. Here, the results were unambiguously consistent with the expected Mendelian distribution: Affected dogs are homozygous, and carrier dogs are heterozygous, for an insertion of an A residue within the nine A tract, now localized to exon 21 of AP3B1 [see Figure 1c of Ref. (10)]. It is thus clear that mutation of AP3B1 causes canine cyclic neutropenia and that it is the equivalent of the human disease Hermansky Pudlak syndrome type 2. However, we were left with explaining the paradox of how heterozygous carrier dogs produced a single population of transcripts corresponding to only the normal allele, while homozygous affected dogs produced two populations of transcripts, one of which appeared to represent a normal transcript-even though both alleles are mutant.
An explanation: transcriptional slippage through homopolymeric adenine tracts
Because of the prior work of others showing an apparently high rate of transcriptional infidelity through repetitive DNA sequences, particularly homopolymeric stretches of adenine, we considered the following hypothesis in order to resolve the paradox. First, the apparent absence of transcript from the mutant allele in heterozygous animals is the result of selective degradation of mutant transcripts. This could be mediated by nonsense mediated decay, a process whereby transcripts encoding a premature chain terminating event, as expected with this frameshift, are subject to degradation prior to translation (17) . Second, apparently normal transcripts in affected animals lacking a normal copy of the gene represent transcriptional errors that correct the frameshift and selectively accumulate, because the mutant transcript is again degraded. To test this hypothesis, we sequenced individual cDNAs subcloned in E.coli ( Figure 3A) . Heterozygous carriers are also heterozygous for a C/T single nucleotide polymorphism in exon 13 not affecting coding, with the C allele segregating on the normal allele, allowing for discrimination of mutant and normal transcripts. In heterozygous carriers, 4 out of 38 (10.5%) transcripts produced from the normal allele containing nine A's (and a C in exon 13) have a mistake (three being shortened by an A residue and one with an extra A inserted). Further, 2 out of 34 (5.9%) normal transcripts in the carrier actually derive from the mutant allele containing 10 A's (and a T in exon 13). In homozygous affected dogs, 10 out of 43 (23%) transcripts (all necessarily derived from a 10A allele) contain errors: 4 (9.3%) are shortened to 9 A residues; 4 (9.3%) are extended to 11 A residues; and 2 of the transcripts of the expected length of 10 A's actually contain base substitutions (an A to C transversion and an A to G transition at the eighth and fourth positions, respectively, within the A tract). Thus, the normal 9A allele manufactures some amount of mutant transcript, and the mutant 10A allele produces measurable quantities of normal transcript.
Verification of transcriptional slippage in a reporter assay
It is possible that the heterogeneous population of transcripts observed here and in other reports arises as an artifact of cloning. However, a study (18) addressing the fidelity of PCR of mononucleotide sequences determined that polyadenine tracts shorter than 11 nt (noting that we are dealing with tracts that stretch for 9 or 10 nt) were stably PCR amplified, regardless of which DNA polymerase was used, and that the errors introduced during amplification of tracts longer than 11 nt were primarily contractions, rather than both contractions and expansions, as we observe. Accordingly, we observed that subcloned sequences containing either 9A or 10A tracts stably propagate with PCR and E.coli transformation (data not shown), excluding mutation by DNA polymerase in vitro or genetic instability in bacteria. It is still possible that reverse transcriptase, a low-fidelity enzyme (19), introduces the A-tract mutations during cDNA synthesis. To exclude cloning artifacts, we measured transcriptional slippage in human HEK293T cells by fusing tracts of 7-11 A's upstream of a luciferase reporter gene ( Figure 3B ). The 9A tract is in-frame with luciferase, but appropriate translation of the other lengths requires that transcriptional slippage generates a corrective frameshift. We assayed luciferase activity in transiently transfected cells, where no vector DNA replication occurs (20) . Tracts of 8A's or 11A's are the most slippage prone, leading to frameshifts of 20%, as quantified by relative luciferase activity. For the 9A tract, we also introduced +1 and À1 frameshifts into the vector [9A(+1) and 9A(À1)], allowing determination of the direction of slippage. In the case of the 9A constructs, backward slippage, causing an insertion, occurs about twice as often as forward slippage.
DISCUSSION
Estimates of the fidelity of eukaryotic transcription are difficult to come by. In vitro, the rate of single base misincorporation by RNA polymerase II from wheat germ ranged from 1 in 250 to 1 in 2 · 10 5 , depending upon the template sequence and the nature of divalent metal cofactors (21) . An in vivo estimate based on a yeast luciferase reporter assay measuring read through of a termination codon, indicated a maximal single base error frequency not greater than 1/500 (16) . There is evidence that RNA polymerase engages in proofreading (22) , after incorporation of an incorrect ribonucloetide into a nascent transcript, and that the transcription elongation factor S-II enhances excision of mis-incorporated bases (23) . In contrast, here we find transcriptional errors occurring within homopolymeric tracts of A residues, primarily insertion or deletion of a single adenine and therefore, presumably not corrected by proofreading mechanisms, approaching a remarkably high frequency. The cDNA subclone analysis data suggest transcriptional slippage rates of $5% in the carrier. This is based on sequence results from 40 clones in the carrier, 20 of which should be derived from the mutant allele if there were no effect on stability of mutant messages. What is seen instead is that two clones are derived from the mutant allele, indicating that the 9A transcript was synthesized from the mutant allele at $5% the rate of synthesis from the wild-type allele. In the luciferase reporter assay, the 10A construct (which mirrors the gray collie mutation) shows a 10% slippage rate. These slippage rate values are similar to those reported by others (8) . These values are all generally consistent but differ somewhat from the northern blot, where quantitative analysis by densitometry reveals that the affected accumulates only 2% of wildtype transcript levels. In addition to inaccuracies of the various methods, a possible explanation is that RT-PCR can amplify exon-sized fragments of a degraded message, whereas a northern blot more specifically detects only non-degraded, fulllength transcript. The observations here are additionally complicated by the cellular phenomenon of nonsense mediated decay, in which messages containing a premature termination codon, an almost inevitable consequence of a frameshift, are preferentially degraded (17) . Thus, in homozygous affected dogs, it is possible that faithfully transcribed messages corresponding to the mutant allele are degraded, thereby leading to selective accumulation of abnormal messages arising from a slippage event.
In spite of these complications, the several different assays performed here all indicate that some quantity of normal message is produced from mutant alleles. Even a little may be better than none; for example, the mutant hemophilia A allele that generates a run of 10 adenines, produces 4% of normal factor VIII levels with attendantly mild symptoms (6) . It is interesting in this regard that canine neutropenia is milder and cyclical (11) , when compared with the severe and static neutropenia in human Hermansky Pudlak syndrome 2 (16), which results from equivalent homozygous null mutations of AP3B1. It is possible that the residual level of AP3B1 mRNA in the dogs ameliorates the phenotype and therefore affords biological proof to substantiate our molecular observations.
In contrast to transcriptional slippage, insertion and deletion mutation within homopolymeric DNA sequences is a welldocumented phenomenon, and homopolymeric stretches of A's (or T's) seem particularly vulnerable (24) . The mechanism appears to result from misaligned loops, and physiological surveillance for such errors appears to require mismatch correction enzymes (25) . In DNA, deletions are more common than insertions and the error frequency increases with increasing length of the homopolymer. In contrast, the results here utilizing the reporter assay, find no direct correspondence between the length of the sequence and the frequency of errors, at least for stretches of A's between 7 and 11 residues long. It has been proposed that frameshift mutations within A tracts may be less a feature of nucleic acid polymerases, in particular, but rather represent a general response to properties of such DNA sequences that are predicted to form a 'two-faced' structure with shifted base pairs in the major groove but an apparent normal geometry in the minor groove (26) . AAA codes for lysine, which can also be encoded by the triplet AAG. An analysis of codon usage found that for the peptide sequence Lys-Lys-Lys, triplets of the codon AAA, leading to tracts of nine consecutive A's, were significantly under-represented in comparison to their expectation based on lysine codon distributions in the human genome (8) . Thus, there appears to have been evolutionary selection against homopolymeric A tracts in the sense strand of human genes. A comparison of the exon 21 A tract of the AP3B1 gene in dog, human and mouse (Figure 4) shows that the human sequence, encoding amino acids identical to the canine, has interrupted the adenine tract with a guanine, creating two runs of four A's. The mouse sequence also differs from the dog, and does not contain consecutive adenines greater than four.
A common, cancer-predisposing allele of the APC gene, I1307K, contains a T to A transversion of the final exon [where frameshift mutations are not subject to nonsensemediated decay (17) ] that generates a stretch of eight consecutive A's and appears to be a hotspot for subsequent somatic mutations of this tumor suppressor gene (27) . The contributions of this variant to tumorigenesis, however, have remained controversial, because not all colon cancers arising in individuals with the I1307K variant have detectable somatic mutations in the APC gene (28) . Our results emphasize the possibility (29) that another effect of this mutation is to produce a high frequency of frameshifted transcripts that produce prematurely truncated proteins in the absence of frank mutation.
Clearly, when evaluating sequences containing extended tracts of adenines, the possibility of unexpected open reading frames and frameshifted transcripts needs to be considered.
